Abstract The southern Puna Plateau has been proposed to result from a major Pliocene delamination event that has previously been inferred from geochemical, geological, and some preliminary geophysical data. Seventy-five seismic stations were deployed across the southern Puna Plateau in 2007-2009 by scientists from the U.S., Germany, Chile, and Argentina to test the delamination model for the region. The Puna passive seismic stations were located between 25 and 28°S. Using the seismic waveform data collected from the PUNA experiment, we employ attenuation tomography methods to resolve both compressional and shear quality factors (Qp and Qs, respectively) in the crust and uppermost mantle. The images clearly show a high-Q Nazca slab subducting eastward beneath the Puna plateau and another high-Q block with a westward dip beneath the Eastern Cordillera. We suggest that the latter is a piece of delaminated South American lithosphere. A significant low-Q zone lies between the Nazca slab and the South American lithosphere and extends southward from the northern margin of the seismic array at 25°S before vanishing around 27.5°S. This low-Q zone extends farther west in the crust and uppermost mantle at the southern end of the seismic array. The low-Q zone reaches~100 km depth beneath the northern part of the array but only~50 km depth in the south. Lateral variations of the low-Q zone reflect the possible mechanism conversion between mantle upwelling related to delamination and dehydration. The depth of the Nazca slab as defined by Q images decreases from north to south beneath the plateau, which is consistent with the steep-flat transition of the angle of the subducting slab as defined by previous earthquake studies.
Introduction
The Central Andean plateau (Figure 1 ), which is extensively covered by volcanic rocks, was uplifted primarily by crustal thickening produced by horizontal shortening over a variably and relatively shallow dipping subduction zone [e.g., Allmendinger et al., 1997; Isacks, 1988; Kay and Coira, 2009; Oncken et al., 2006] . Overall, the mountain building can be attributed to strong coupling on the Nazca-South American plate interface and weak plastic yield strength of the overriding mantle wedge beneath the South American plate [e.g., Isacks, 1988; Luo and Liu, 2009] . Along-strike variations in the preexisting crustal and mantle lithosphere and in the angle of the Nazca plate have been suggested to have had a strong influence on north to south differences along the plateau in volcanic and deformational history, differential uplift and thinning and thickening of the underlying crust and mantle lithosphere [e.g., Kay and Coira, 2009; Pilger, 1981; Tassara, 2005] . Understanding the mountain building process of the Central Andean plateau, which can be divided into the Altiplano plateau to the north of 22°S and the Puna plateau to the south, should be a key to understanding Andean-type orogenic process. The focus of this study is to analyze the seismic attenuation images at the southern part of the Puna plateau in the region where it merges into the Chilean-Pampean flat slab to the south (Figure 1 ) and where the delamination of Andean crustal and mantle lithosphere was first proposed Kay et al., 1994] .
• A piece of delaminated continental lithosphere is imaged beneath southern Puna • A significant low-Q zone lies between the Nazca and South American lithosphere • Lateral variations of the low-Q zone reflect the possible mechanism conversion
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• Readme • Figure S1 • Figure S2 • Figure S3 • Figure S4 • Supplementary equation (0, 10, 12, and 14 Ma) are shown as grey lines [Yáñez et al., 2001] . The seismicity is from the catalogue located using PUNA data [Mulcahy et al., 2010] The southern Puna itself is characterized by many unique geological and geochemical features with respect to the rest of the Puna plateau, including eruption of post late Miocene intraplate and back-arc calc-alkaline lavas [Kay et al., 1994] and the giant 6.5 to~2 Ma back-arc Cerro Galán ignimbrite [Folkes et al., 2011; Kay et al., 2011 Kay et al., , 2010 Sparks et al., 1985] in association with a distinctive contemporaneous stress system involving thrust, strike slip, and normal faulting [Marrett et al., 1994] . In contrast, the northern Puna is essentially devoid of similar mafic magmas, where the largest back-arc ignimbrite eruptions erupted before 6.5 Ma and the stress system is largely compressive Kay et al., 2010] .
The distribution and chemistry of young basaltic to mafic andesitic volcanic rocks erupted in the southern Puna plateau provide important clues to lithospheric and asthenospheric processes east of the main volcanic front of the CVZ. Based on the discussion in Kay et al. [1994] , there are three major groups of young mafic volcanic lavas on the Puna plateau. The first is an intraplate group, which occurs over a thin continental lithosphere above an intermediate seismicity gap in the subducting plate in the southern Puna and represents the highest percentage of mantle partial melt. The second is a high-K calc-alkaline group, which erupted over an intermediate thickness lithosphere on the northern and southern margins of the seismic gap and behind the frontal arc, and represents an intermediate percentage of mantle partial melt. In contrast, the third group in the northern Puna and Altiplano consists largely of small-volume shoshonitic lavas that formed by very small percentages of mantle partial melt and erupted through a relatively thick continental lithosphere Davidson and Silva, 1995] . These volcanic groups reflect the different lithospheric structures beneath the Central Andean plateau.
A major Pliocene delamination event in the southern Puna was inferred by Kay et al. [1994] based on the observations listed above and the criterion enumerated below. The first of these criteria was the high elevation and relatively flat surface of the Puna plateau, which Isacks [1988] had argued required a thermal component to explain its high elevation. This was also one of the criteria used by England and Houseman [1989] and Molnar et al. [1993] to argue for lithospheric delamination below the Tibetan Plateau. Earlier geophysical and geothermal studies had called upon an unusually thin crust and a very hot mantle to explain the characteristics of this region [e.g., Febrer et al., 1982] . The second criterion was the seismic wave attenuation studies of intermediate-depth earthquake raypaths by Whitman et al. [1992] , which showed strong along-strike differences with the central plateau and marked attenuation beneath the southern Puna. These observations were used to suggest a very low Q zone in the asthenospheric wedge above the subducted slab and a thinner continental mantle lithosphere beneath the southern than the northern Puna [Whitman et al., 1992 [Whitman et al., , 1996 , which was later reinforced by studies by Schurr et al. [2003 Schurr et al. [ , 2006 in the northern Puna. Farther north over the steeper subducting slab in the Puna and the Altiplano around~21°S, a strong localized low velocity and Q anomalies in the upper mantle back-arc lithosphere have been attributed to partial melting associated with a gap in the continental mantle lithosphere [Beck and Zandt, 2002; Heit et al., 2008; Myers et al., 1998] . A third criterion for delamination was the fault kinematics analysis of Mio-Pliocene deformation in the Puna and adjacent foreland performed by Allmendinger [1986] and Marrett et al. [1994] , which indicated a change in the regional stress distribution that is now argued to have been initiated at~7 Ma [e.g., Risse et al., 2008] . A fourth set of criteria were the geochemical variations in southern Puna plateau mafic lavas discussed above, the presence of glassy andesites to dacitic lavas and young ignimbrites, and the suggestion that the intraplate like lavas reflect decompression melting in a hot mantle wedge [Kay et al., 1994] . The final criterion is the gap of intermediate depth slab seismicity in the subducting slab between 25.5°S and 27.5°S [e.g., Cahill and Isacks, 1992; Mulcahy et al., 2010] which Kay et al. [1994] attributed to a hot mantle wedge.
The southern part of the region studied here also straddles the northern boundary of the Chilean-Pampean flat-slab region, whose origin is commonly associated with the subduction of the Juan Fernandez aseismic oceanic plateau on the Nazca plate [e.g., Anderson et al., 2007; Yáñez et al., 2001] . Evidence for a role of this ridge subduction comes from the subduction of the ridge coinciding spatially with the gap in arc volcanism and temporally with the timing of the shallowing of the flat slab as inferred from magmatic and geologic criteria [e.g., Kay and Abbruzzi, 1996; Kay and Mpodozis, 2002; Ramos et al., 2002] . Enhanced seismic activity in the region and various topographic effects have led many to suggest the shallow dip of the slab is the result of the positive buoyancy of the plateau or ridge imbedded in the oceanic lithosphere [e.g., Alvarado et al., 2009; Pilger, 1981] . The gap in active volcanism across the flat-slab region is attributed to the dip of the subducting slab being so shallow that effectively no asthenospheric wedge exists to produce arc volcanism [e.g., Barazangi and Isacks, 1976] . The reconstructed Juan Fernandez ridge has a northeast trending arm linked to the nearly east-west segment that began to subduct under the Chilean-Pampean flat-slab region at circa 10 Ma [Yáñez et al., 2001] . The southward subduction of the kinked Juan Fernandez ridge has been suggested to be linked with a southward shallowing of the subducting slab, which is reflected in the late Neogene volcanic activity on the Puna plateau can account for the volcanism activities of Altiplano-Puna [Kay and Coira, 2009] . With the passing of the northeast trending arm of the ridge beneath the southern Puna at~7 Ma, the slab is argued to have started to resteepen as lithospheric delamination initiated as reflected by the giant eruptions of the Cerro Galán ignimbrites at~7.5-2 Ma, mafic magma eruptions, and the change in deformation pattern. Continued southward subduction of the ridge would be expected to produce a southward pattern of steepening, which initiated after the Pliocene at the southern end of the Puna plateau .
A low-viscosity wedge may produce a flat-lying slab beneath an overriding plate, and the transition of a subduction zone into a flat-lying regime could be preceded by changes in the amount of volatiles such that the dehydration front moves to shallower depths [e.g., Manea and Gurnis, 2007] . The amount of mantle melt is primarily governed by temperature and hydration, and thus a lack of volcanism may be explained by anomalously low temperatures and/or by inadequate water flux [e.g., Stachnik et al., 2004] . Alternatively, partial melt that has not yet reached the surface could exist at depth. In a shallow subduction regime, the slab dewatering process could become slow with gradual hydration of the overlying mantle [Porter et al., 2012] or the shallow subducting angle may produce a lower slab temperature and delay the dehydration reactions within the subducted slab [e.g., Manea and Manea, 2011] .
Data and Method
The In this paper, we use attenuation tomography to resolve both the compressional and shear quality factors (Qp and Qs) in the crust and uppermost mantle. Following the approach outlined by Scherbaum [1990] , the observed amplitude spectrum of the event i at station j can be described as
where f is frequency, S is the source spectrum, I is the instrument response, R is the local site amplification, and B is the absorption along the raypath from the event i to station j.
The far-field source amplitude spectrum can be modeled as
where Ω 0 is the long-period amplitude value, f c is the source corner frequency, and γ is the high-frequency decay rate. A Brune-type source model is equivalent for γ = 2 [Brune, 1970] .
The attenuation spectrum is
Here t is the traveltime corresponding to the raypath length s and velocity v, Q is the quality factor, and f is the frequency of seismic waves. Based on equation (3), t * measurements embed the influence from velocity variations. Velocity perturbations are usually 1 order smaller than Q perturbations, so the influence of velocity variations is minor for t * measurements in a region with strong Q variations.
When a Brune source model is assumed, the velocity amplitude spectra for an f 2 source model assuming whole path attenuation are
where Ω is the spectral level, which reflects the factors which will change the amplitude of seismic waves, including site amplification, radiation pattern and source moment. This model does not include frequency-dependent site amplification and uses a simple f 2 source spectrum, consistent with most previous studies [e.g., -Phillips and Chadwick, 2002; Scherbaum, 1990] . To determine the parameters, all spectra for the same event are jointly inverted for the same corner frequency f c , and different spectral level Ω and t * for each path. Equation (4) can be rewritten as
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The unknowns in this equation are ln{2πf Ω}, corner frequency f c , and t * . The corner frequency f c of each event is estimated by using a grid search over the frequency range 0.05-20 Hz for all of the recorded waveform at each station for each event and then taking the average of all the best fitting f c for each record. Once f c is determined, the remaining linear equation (5) is solved for ln{2πf Ω} and t * by least squares regression. We observed a clear linear relation between the corner frequency and magnitude from both of our estimations of corner frequency for P and S waves (see Figure S1 in the supporting information).
The physical mechanisms of attenuation can potentially be discriminated by their frequency dependence, described by
where t Ã 0 represents attenuation at 1 Hz [Stachnik et al., 2004] and η is the frequency dependence parameter. Here we apply a least squares regression of t * including frequency dependence. We use a grid search for η from À1.0 to 1.0 with a step of 0.02.
Using the newly collected seismic waveform data from the southern PUNA or PUDEL project [see Bianchi et al., 2013] , we analyze the body wave spectra of local and regional earthquakes for P waves using vertical component waveforms and for S waves using transverse component waveforms, respectively. There are 1072 earthquakes located using the PUNA array with a residual less than 1 s and recorded by more than four stations [Mulcahy et al., 2010] . Here we only pick arrivals from the earthquakes with focal depths greater than 90 km to avoid the phases Pn and Sn. There are 521 deep earthquakes used here and most of them are located to the north, west, and east of the array (Figure 1b ). The instrument responses are removed from the original data and then the horizontal components rotated to radial and transverse components. Then a 3 s window is cut from the start of the phase as signal, and another 3 s window before the start of the phase is cut as noise. We calculated the multitaper spectra [Park et al., 1987] for the corresponding signals and noise using a 3 s duration (Figure 2 ). The useful frequency band for computing t * is selected based on the signal-to-noise ratio (SNR) being above a threshold of 3.0 over a given frequency range. Following Wang et al. [2010] , the data quality index (QI) has been used to ensure the quality of the inversion for Q. The QI is assessed by two factors: the signal/noise index, based on the percentage of the high SNR data in the entire fitting spectra, and the amplitude spectra misfit factor. The QI is used to select the data with at least 60% of signal with a SNR higher than 3 and give the weight of the t * in the inversion. Overall, there are 18,048 P wave t * measurements and 2487 S wave t * measurements used in the inversion.
The SIMUL2000 tomography code (http://www.geology.wisc.edu/~thurber/simul2000/) is used to do the Q inversion [Thurber and Eberhart-Phillips, 1999] . There are 25 × 25 × 20 model grids for a space of 1600 km × Figure 2 . Four waveform examples and their corresponding amplitude spectra. The amplitude spectra and corresponding t * measurements and estimated Qp along the raypath clearly show the different attenuation along the different raypaths. All four stations used are broadband seismometer: NS17-CMG-40T, BB09-CMG-3T, EW19-Trillium-40s, and BB23-Trillium-120s. the earthquakes outside of the array (Figure 1 ). At the same time, the resolution for the model deeper than 150 km is also limited by the earthquake distribution, since the seismicity is scattered along the subducting slab. Since the effective S wave ray coverage is pretty uneven in the studied area, the resolution tests for S wave data are not performed.
Results

Tomographic Images
The tomographic images clearly show a high Qp and Qs anomaly that dips eastward and correlates with the Wadati-Benioff zone (Figures 6-8) , and thus we interpret these high-Q zones as the Nazca slab subducting eastward beneath the Puna plateau. A second prominent feature is another high Qp block with a westward dip beneath the Eastern Cordillera ( Figure 6 , sections A-A′ and D-D′). Linking these high Qp and Qs results with previous geophysical [Whitman et al., 1992 [Whitman et al., , 1996 and geochemical observations [Kay et al., 1994] , we suggest that this westward dipping high-Q block indicates the presence of a piece of delaminated South American continental lithosphere. These same high-Q zones can be seen in the E-W trending Qp and Qs images in Figure 6 and in the Qp horizontal slices in Figure 8 .
A zone of very high attenuation in the crust and uppermost mantle is seen beneath and west of Cerro Galán region ( Figure 6 , sections A-A′ and B-B′; Figure 7 , section H-H′; Figure 8 ). This attenuation is so strong that the S waves are totally blocked for the raypaths going through this part of the lithosphere as well as the crust and uppermost mantle (Figures 6 and 7 ). As such, we were unable to pick S phases to measure t * for inverting the Qs for these raypaths (Figures 6 and 7) . This extensive and extreme low-Q zone might reflect asthenospheric upwelling after the continental lithosphere delaminated in association with slab steepening as argued by Kay and Coira [2009] . This low-Q zone extends farther north approaching the region of the Cerro Tuzgle volcano (marked as a reference for this anomaly in Figure 8 ). As Cerro Tuzgle is outside of our array, we lack sufficient resolution to confirm the presence of the low Q feature in this region. However, velocity and attenuation tomographic studies [Bianchi et al., 2013; Schurr et al., 2006] show that the low velocities and low Q related with this volcano can be interpreted as being related to lithospheric delamination in this region as is also consistent with inferences from geochemical studies of the Cerro Tuzgle lavas .
Another distinct low-Q zone characterizes the region of the South American lithosphere above the Nazca slab from the northern margin of the array at 25°S to around 27.5°S, where it vanishes ( Figure 6 ). As seen in the map view and sections, this low-Q zone extends farther to the west in the crust and uppermost mantle at the southern end of the array producing a "J" shape. of the low-Q zone, whose top is at about 40 km depth, underlies the string of domes and small centers in the Cordillera de Buenaventura, one of which overlies a seismic swarm observed under the Cerro Torta dome in the time of the deployment of the PUNA array [Mulcahy et al., 2010] . The eastward extension beneath the Salar de Antofalla corresponds with the regions of young mafic centers just west and southwest of the Cerro 
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Galán area as does the underlying high attenuation zone over the slab. The absence of a high-Q zone in the CVZ arc region east of Cerro Galán at 25.5 to 26°S corresponds with a lack of very recent volcanic activity in the arc. The low high-Q zone in the lowermost crust and mantle above the slab near the arc region in the 27.5°S section ( Figure 6 , section E-E′) lies just north of the Bonente-Incapilla volcanic complex region labeled CB, whose youngest dated activity is 0.5 Ma [Goss et al., 2009] . The small finger toward the surface underlies the recently active Cerro Tipas center.
Overall, the low Q zone extends for about~100 km in depth from the slab to the surface beneath the northern part of the array (Figure 6 sections A-A′ to D-D′), whereas it only occurs over a depth of~50 km or 
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less above the slab in the south (Figure 6 ). The north-south lateral thinning of the low-Q zone is significant: from a very large region with low Q encompassing most of the mantle wedge beneath Cerro Galán, to a moderately thin low-Q layer overlying the slab beneath the southern end of the array where the slab shallows. At the southern end, both sides of the thin low-Q zone have uniformly high-Q values, which are best explained respectively as the subducted Nazca oceanic lithosphere and the South American continental lithosphere. Farther south, the slab is considered to directly underlie the continental lithosphere with little asthenospheric wedge in between [e.g., Kay and Abbruzzi, 1996; Porter et al., 2012; Smalley and Isacks, 1987] . Given the lack of volcanism at the southern end of the PUNA array (i.e., in the flat-slab region), we attribute the thin low-Q layer to a region of concentrated water content and possibly to the initiation of melting of the mantle wedge. The northward lateral variation of the low-Q zone might reflect a conversion in mechanism from mantle upwelling and partial melting in the wedge following delamination in the north to slow slab dehydration, along the transition zone in which the dip of the subducted Nazca slab changes from normal to flat.
A custom resolution test has also been performed to check the reliability of the inverted Qp features (Figure 9 ). The three input features were used including a strong low Qp zone beneath the Cerro Galán 
Frequency Dependence
In this study, we also used a grid search approach to estimate the influence from frequency dependence effects of quality factors (see supporting information). Over the typically observable frequency range of 2-20 Hz, a frequency dependence of 0.3 would make <10% difference in the amplitude decay compared to frequency independence, and the frequency-dependent Q values will be about 60% of the frequency-independent Q values [Eberhart-Phillips and Chadwick, 2002] . Studies that solve for 3-D Q with a range of η find that the resulting Q models are similar and equivalent in terms of relative Q structure [Lees and Lindley, 1994] . Values of η near 0.65 are typical for many tectonically active areas [Mitchell, 1995] . In subduction zones like that in Alaska, measurements show good evidence for frequency dependence of Q in the 0.5-20 Hz range [Stachnik et al., 2004] . In the Alaska subduction zone, both wedge and mantle paths show significantly higher values of η, near 0.4-0.5 in the wedge, and slightly smaller values for slab paths [Stachnik et al., 2004] .
Our final velocity spectra fit shows that most of the η values are very small (close to 0) for the southern Puna region ( Figure S2 ), but the η values for the northern part of array (beneath the Cerro Galán region) are as large as 0.8, which is close to the previous estimates (0.65) for tectonically active areas [Mitchell, 1995] . We observe a strong correlation between Q and η, which is typical of frequency dependence of Q at higher frequencies. Furthermore, as there is a strong spatial correlation between very high η values and the Cerro Galán region, partial melting could be the potential mechanism for the strong frequency dependence in this area. This strong frequency dependence can be attributed to the dominance of intrinsic over scattering attenuation in the regions dominated by partial melt. These observations suggesting grain boundary relaxation, including partial melting [Anderson, 2007] , play an important role for seismic wave attenuation in this region. Alternatively, it could also reflect the strong scattering loss due to the spherically symmetric random heterogeneities in the lithosphere [Yoshimoto et al., 1993] around the Cerro Galán region, but this seems less likely.
Discussion
The attenuation of seismic waves can be controlled by temperature, water content, cracks (only in the brittle regime), porosity of materials, and partial melt [Karato and Spetzler, 1990; Mitchell, 1995; Shankland et al., 1981] . Typically, attenuation is primarily sensitive to changes in temperature, water content, and partial melt in the lower crust and uppermost mantle [Karato and Spetzler, 1990; Mitchell, 1995; Shankland et al., 1981] .
Delamination of South American Lithosphere
The tomographic images clearly show a high Qp and Qs zone with a westward dip beneath the Eastern Cordillera (Figures 6 and 7) . This high-Q block could simply be the underthrusted South America continental lithosphere, but the westward dipping feature shows it at least partially detached from the overlain crust. At the same time, given previous geophysical and geochemical observations including evidence of strong attenuation in the uppermost mantle [Whitman et al., 1992 [Whitman et al., , 1996 , changes in crustal stresses [Marrett et al., 1994] , an intermediate-depth seismicity gap [Cahill and Isacks, 1992] , and a thin lithosphere [Whitman et al., 1992 [Whitman et al., , 1996 with strong and distinctive volcanic activity [Kay et al., 1994] , this high-Q anomaly would seem to be a good candidate for a block of crust/upper mantle that has detached from the overriding South American lithosphere as proposed by Kay et al. [1994] . Importantly, the most recent P wave traveltime tomographic images, which use a combined data set that includes data from the PUNA experiment, show a high-velocity anomaly beneath the Cerro Galán [Bianchi et al., 2013] . At the same time, new surface wave tomographic images also show a high-velocity anomaly beneath the same region [Calixto et al., 2013] . Both results appear to correlate with our high-Q zone indicating that the high-velocity zones in these studies can also be interpreted as a delaminated lithospheric block. All of these observations support the presence of a piece of delaminated South American continental lithosphere. The delamination producing this block could have taken place around 2 Ma near the time of the major Cerro Galán eruption at a time of mantle upwelling [Kay et al., 1994 [Kay et al., , 2011 Kay and Coira, 2009] .
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The depth of the Nazca slab decreases from north to south beneath the plateau in the attenuation images, which is consistent with the steep-to-flat transition of the subducting slab determined by earthquake hypocenters [e.g., Cahill and Isacks, 1992; Mulcahy et al., 2010] . The low-Q regions are well correlated with the latest Pliocene (~2 Ma) mafic volcanic activity in the southern Puna plateau [see Risse et al., 2008] . The~2 Ma Cerro Galán ignimbrite resides above and near the most prominent low-Q anomalies in the crust. The attenuation of the crust and uppermost mantle beneath Cerro Galán is so strong that local S waves are completely blocked for the raypaths going through this part of the lithosphere (Figures 6 and 7) , and we were unable to measure S wave amplitudes to calculate t * for these raypaths. Overall, the lithosphere that was proposed to have delaminated around 2 Ma [Kay et al., 1994 ] is suggested to be associated with a mantle upwelling above a subduction zone that began to steepen at~7-6 Ma [Kay and Coira, 2009] . The higher temperatures induced by this mantle upwelling are argued to have triggered the melting that led to the eruption of the voluminous Cerro Galán ignimbrite at~2 Ma [Folkes et al., 2011; Kay et al., 1994 Kay et al., , 2011 Sparks et al., 1985] with subsequent partial melting, represented by our low-Q zone, expanding throughout the mantle wedge beneath the Cerro Galán complex.
Flat-Slab Structure
Another clear observation is the low-Q layer at the southern end of the PUNA array at depths between approximately~100 and 140 km over the subducting slab, where the slab is shallowing into the flat-slab region ( Figure 6 , section E-E′; Figure 8 , 100 and 120 km sections). We suggest that this low-Q layer could reflect a concentration of fluids just above the slab, possibly along with the initiation of mantle partial melting signaling the beginning of resteepening of the subducting slab in this region [Kay and Coira, 2009] . It is important for this argument to note that there is no volcanism younger than 6 to 7 Ma [Harris et al., 2008] directly above this low Qp anomaly and that the overlying mantle and crust shows a high-Q signature indicating little attenuation. This suggests that the low-Q zone currently above the slab is not related to the melting process that generated the volcanism in the overlying Farallon Negro volcanic field at 9.5 to 6 Ma. These late Miocene magmas are best interpreted as being the product of dehydration melting of the mantle wedge as the slab was shallowing in this region [Kay and Mpodozis, 2002; Kay and Coira, 2009; Ramos et al., 2002; Sasso and Clark, 1998 ].
The situation in section E-E′ in Figure 6 contrasts with the prominent low-Q anomalies found beneath the CVZ volcanic arc and in the crust and mantle of the back arc around Cerro Galán ( Figure 6 , sections A-A′ to D-D′ and in the northern Puna [Schurr et al., 2003] , where the slab dip is much steeper and there is a hot asthenospheric wedge. In these regions, the low-Q zone can extend from the asthenospheric wedge (~200 km) to the upper crust ( Figure 6 , sections (A-A′ to C-C′). An explanation for this large zone of low Q is that the asthenospheric upwelling related with delamination beneath Cerro Galán heats up the surrounding area and speeds up the lithospheric dehydration process in the subducted slab. This dehydration provides a good explanation for the seismicity in the subducting slab to the west, with the heating helping to explain the intermediate depth seismicity gap under the Cerro Galán region to the east [e.g., Cahill and Isacks, 1992; Kay et al., 1994; Mulcahy et al., 2010] .
The situation under the northern part of the PUNA array is thus quite different from that in the profile near 27.5°S, where the~50 km thick layer of low-Q mantle wedge above the slab shows no clear connection with any anomaly in the overlying mantle or crust ( Figure 6 , section E-E′). A further observation in this transect near 27.5°S is that Bianchi et al. [2013] report no clear low-velocity Vp anomaly in the uppermost mantle. As even a small fraction of partial melt normally results in abrupt reductions in both Qp and Qs, with the drop in Vp being less pronounced [Anderson, 2007] , such a contrast provides an argument for dehydration above the descending slab with small amounts of melt in the wedge explaining differences between the Vp and Q tomographic images. Another caveat could be an issue with the resolution of this Vp tomographic image which is on the edge of the network resolution and does not use the local traveltime data.
Of further significance is that the transect near 27.5°S sits in the transition zone from steep subduction under the southern Puna plateau to shallower subduction in the Chilean-Pampean flat-slab region under the Sierras Pampeanas to the south [Cahill and Isacks, 1992; Mulcahy et al., 2010] with a cooler mantle wedge over a cooler subducting slab is thus expected to produce diminished dehydration as the distance increases into the back arc. Such lesser dehydration leading to lesser amounts of melt generation can explain the lack of back-arc volcanism in the region of profile E-E′. At the same time, limited dehydration can explain the relatively thin high-attenuation (low-Q) layer in the mantle wedge above the subducting slab.
As the angle of the subducting slab progressively decreases to the south, the oceanic slab can potentially be near direct contact with the overlaying continental lithosphere or have only a thin layer of asthenosphere as argued by Smalley and Isacks [1987] and others [e.g., Alvarado et al., 2009; Anderson et al., 2007; Porter et al., 2012] . Importantly, the surface wave tomographic images in Porter et al. [2012] for the flat-slab region show the velocities in the shallow dipping slab increasing eastward as velocities in the overlying mantle wedge decrease, consistent with the prominent seismicity in the slab being due to slab dewatering. This implied dewatering of the slab gradually hydrates the overlying mantle, explaining why lower velocities occur in the overlying mantle wedge in the flat-slab region [Porter et al., 2012] .
Returning to the section at 27.5°S ( Figure 6 , section E-E′), the presence of fluids just above the flat slab could help to facilitate some magma generation [Rüpke et al., 2004] . Evidence for a hotter mantle beneath this region than over the flat slab farther south comes from uplift data and the basin formation history in this area, which appear to reflect formation over a relatively hotter and more actively uplifting region as compared to the flat-slab region farther south [e.g., Dávila et al., 2012] . In particular, a compilation of fission track length and ages by Dávila and Carter [2013] shows that late Neogene uplift rates require a higher mantle wedge temperature in the region of the Pipanaco basin over the 27.5°S transect. At the same time, it is important to note that very young back-arc volcanism (<1 Ma) does occur in the Pasto Ventura region, which is only~60-70 km to the north.
Since large P and S wave velocity anomalies are not observed near 27.5°S [Bianchi et al., 2013; Calixto et al., 2013, respectively] , the simplest explanation could be that melt generation in this region has just reinitiated after a late Miocene to Pliocene gap and is in the very early stages. This magma generation could be associated with the initial resteepening of the subducting slab in this area, and thus the low-Q zone could also reflect a combination of decompression melting over a steepening slab and flux melting from fluids originating from the heated slab. Overall, the fluids released from the dehydration process in the modern setting are unlikely to be able to migrate upward efficiently by porous flow and are thus potentially trapped above the slab contributing to the low-Q anomaly. A colder slab in this region than to the north may prevent the generation of sufficient fluid to set up the conditions for melting in the wedge. Thus, we conclude that both fluids and the earliest stages of magma generation could produce this very highly attenuating layer just above the slab at the transition from steep to flat-slab subduction.
The contrast between the prominent low-Q anomalies found beneath the magmatic arc and the back arc in the crust and mantle in the northern Puna [e.g., Schurr et al., 2003] and around Cerro Galán ( Figure 6 , sections A-A′ and B-B′), where the slab is more steeply dipping and there is a hot asthenospheric wedge, and the region of the thinner prominent low-Q layer above the more shallow dipping subducting slab near 27.5°S beneath the southernmost part of the array ( Figure 6 , section E-E′) shows a clear transition in the lateral style of the mechanism of the generation of the low-Q anomaly. This mechanism difference reflects a change from prominent partial melting by delamination induced asthenospheric upwelling in the north to gradual dehydration with or without small volume partial melting related to the early stages of slab resteepening in the south.
Conclusions
We observe an extensive low-Q region beneath the Cerro Galán caldera region next to a westward dipping high-Q zone at 50-150 km depth beneath the Eastern Cordillera to the east, which we interpret as indicating the presence of a piece of delaminated South American lithosphere. This extensive low-Q zone, which is between the Nazca slab and South American lithosphere, extends from the northern margin of the array at 25°S to around 27.5°S, where it vanishes. From a west to east perspective, the low-Q zone extends farther to the west in the crust and uppermost mantle at the southern end of the array where the frontal volcanic arc is most active. In detail, the low-Q zone extends for over~100 km in depth above the slab under the back arc in the northern part of the array but becomes a thinner sheet with a thickness of <50 km under the South
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American continental lithosphere in the back arc to the south. The transition from the north to the south reflects different origins for the low-Q anomalies in the two regions. In the north, we interpret the low-Q anomaly dominantly reflecting mantle upwelling and partial melting after delamination of the South American continental lithosphere under the Cerro Galán region. In contrast, in the south we interpret the thinner low-Q anomaly as reflecting dehydration of the subducted oceanic slab or as the very early stages of melt generation in a young asthenospheric wedge as the very northern edge of the flat slab has begun to steepen. We suggest that it is most likely that both processes are occurring in the south. In summary, we see dramatic north to south variations in the Q structure and this change strongly correlates with the delamination of continental lithosphere beneath Cerro Galán combined with the change in the angle of subduction.
